The effects of the neutron irradiation treatment on indium-gallium-zinc oxide (IGZO) are investigated as a function of the neutron irradiation time. With an increase in neutron irradiation time, the oxygen vacancies associated the oxygen deficient states increase, and both shallow and deep band edge states below the conduction band also increase. Moreover, the conduction band offset continuously decreases because of the increase in the oxygen vacancies with increasing the neutron irradiation time. In IGZO TFTs with the neutron irradiation time for 10 s, superior device performance demonstrates such as the lower threshold voltage, higher field effect mobility, smaller sub-threshold gate swing, larger on-off current ratio, and improved bias stability, comparing those of other IGZO TFTs.
Introduction
Amorphous oxide semiconductor (AOS) based thin film transistors (TFTs) have attracted attention for next generation electronic devices because AOS TFTs exhibit sufficiently high field effect mobility (>10 cm 2 /V·s), capability of uniform deposition over large area, as well as fabrication at room temperature without a defect treatment [1] [2] [3] . In the various candidates for the AOS TFTs, indiumgallium-zinc oxide (IGZO) is one of the most promising material. The IGZO is considered suitable inside the TFT backplane that exhibits a high on-current and low off-current, and small subthreshold gate swing, which provides high resolution active matrix organic light emitting diode displays (AMOLEDs) and high frame liquid crystal displays (LCDs) [4, 5] . For achieving the higher performance of IGZO based TFTs, a number of studies have been proposed as the treatment methods, including the thermal annealing in various conditions, including ambient atmosphere and pressure [6] [7] [8] , rapid thermal annealing (RTA) [9] , and simultaneous ultraviolet and thermal (SUT) treatment [10] . However, these treatment methods mostly accompany the high temperature, long treatment time, and complication of using vacuum or pressure. To solve these problems, Park et al. [11] and Ahn et al. [12] demonstrated that the hydrogen ion irradiation method improved the electrical characteristics of IGZO based TFTs at room temperature due to the changes of the electronic structures such as the chemical bonding states, band gap, and the band edge states below the conduction band. Despite advantages such as low temperature and a short treatment time, the hydrogen ion irradiation method has critical problems in that hydrogen can diffuse in an oxide matrix as substitutional defect and causes device instability [13] [14] [15] , therefore, new treatment method to obtain the higher device performance of IGZO based TFTs still has been important issue.
In this paper, we suggest the neutron irradiation treatment method to improve of the electrical characteristics on IGZO based TFTs. In past years, most of the researches have focused on changing the structural properties in several semiconductor materials, because the neutron irradiation induced the structural defects at low temperature [16] [17] [18] . From these researches, we believe that the control of neutron irradiation dose can effectively change of the electronic structures by controlling the induced defects in IGZO system without high temperature, long treatment time, and complication of fabrication process. To confirm the effect of neutron irradiation treatment methods, we evaluated the electronic characteristics and electrical performance of IGZO as a function of the neutron irradiation time from 0 to 1000 s.
Experiment
For the fabrication of IGZO TFTs, p-type Si substrate was used as the back-gate electrode, and 100-nm-thick SiO2 layer used as the gate insulator. Further, 50-nm-thick IGZO as the active channel was deposited by radio frequency (RF) sputtering with shadow mask from a sintered In-Ga-Zn-O (1:1:1 at. %) sputtering target. Then, 100-nm-thick ITO as the source/drain electrode was deposited by direct current (DC) sputtering with shadow mask. The fabricated structure of IGZO TFTs schematically illustrates in Figure 1 (a), and the active channel width (W) and length (L) was 800 and 200 um, respectively. After fabrication process, the thermal annealing process carried out at 350°C for 1 h in ambient air atmosphere. After that, the neutron irradiation process was implemented to IGZO films and IGZO TFTs, it was conducted by using MC-50 cyclotron (Scanditronix, Vislanda, Sweden) at Korea Institute of Radiological and Medical Sciences (KIRAMS), Korea. The neutrons were produced by bombarding protons on a beryllium target with 30 MeV of acceleration energy at 10 uA, then the neutron irradiation dose was approximately 7.0 × 10 8 ions/cm 2 . The neutron irradiation process was performed for 0, 10, 100, and 1000 s under atmospheric pressure at room temperature without a separate chamber. The thickness of IGZO films was confirmed to approximately 50 nm by using spectroscopic ellipsometry (SE) analysis. X-ray photoelectron spectroscopy (XPS) (Ulvac-phi, Kanagawa, Japan) and SE measured to analysis of the electronic structure associated to the chemical bonding states and band edge states below the conduction band. XPS measurement carried out with monochromatic Al Ka (hv = 1486.7 V) source with a pass energy of 29.35 eV, after Ar ion sputtering with 500 V to eliminate the absorbed OH, C, H2O, and others on IGZO surface. SE measurement was performed using a rotating-analyzer system with an automatic retarder in the energy range from 1.0 to 5.0 eV at incident angle of 65°. The electrical characteristics of IGZO TFTs were analyzed using a Keithley SCS-4200 (Keithley Instruments, Solon, OH, USA) semiconductor-parameter analyzer. Figure 1a shows the schematic structure of IGZO TFTs with bottom gate type. Figure 1b ,c schematically illustrates the thermal annealing and neutron irradiation process, respectively. All IGZO films and IGZO TFT samples were implemented the thermal annealing at 350 °C for 1 h in advance of the neutron irradiation treatment, and then imposed the neutron irradiation treatment of 10, 100, and 1000 s in atmospheric pressure at room temperature, whereas IGZO samples with neutron irradiation time for 0 s applied only thermal annealing process. Figure 2 shows the O 1s core-level spectra of IGZO films as a function of the neutron irradiation time from 0 to 1000 s. To analyze specifically the oxygen bonding states, the O 1s spectra were normalized and deconvoluted into three Gaussian peaks corresponding to the oxygen species of the metal-oxide bonds of In-O, Ga-O, and Zn-O at 531 ± 0.2 eV (O1), the oxygen species of the oxygendeficient states at 532 ± 0.2 eV (O2), and the impurity species on the surfaces including chemisorbed or dissociated O2 or OH at 533 ± 0.2 eV (O3) [19] . The relative area of O1 states decreases from 77.53 to 71.60% with the increase in the neutron irradiation time from 0 to 1000 s, whereas relative area of O2 states gradually increases from 20.01 to 24.62%. These results indicate that the oxygen vacancies associated to the oxygen deficient states of IGZO increase with neutron irradiation time, which contribute to the increase of the carrier concentration due to the generation of additional free electrons as Vo=Vo 2+ + 2e − [20] . The relative area of O3 states decreases as increasing the neutron irradiation time to 10 s, while the relative area of O3 rapidly increases as increasing the neutron irradiation time to 1000 s. The increase in O3 states can correlate the degradation of mobility because of charge trapping and scattering [13] . To understand the optical properties and the electronic structures including the sub-gap states below the conduction band, SE analysis was conducted and the complex refractive index (ñ = n+ik) was obtained as shown in Figure 3a ,b. These spectra obtained from simple four-phase model comprising a Si substrate, SiO2 layer, IGZO over-layer, and an ambient layer [21] . The refractive index n associated to the film density slightly decreases with the increase in the neutron irradiation time from 0 to 1000 s, it can be related to the increase of the oxygen vacancies of IGZO films. Figure 3b shows the extinction coefficient k related the absorption properties of IGZO films, and the evolution of the band edge states below the conduction band was found. Then, we performed the quantitative analysis of the band edge states and conduction band with a Gaussian function (band edge states) and a Tauc-Lorentz function (conduction band states), as shown in Figure 3c [12] . The Gaussian fits compose to shallow band edge state (D1) and deep band edge state (D2), which are related to the oxygen deficient bonding states. The band edge states strongly correlated to the electrical characteristics including carrier concentration and mobility, depending on the relative position within bandgap. The relative area of D1 slightly increases, whereas that of D2 rapidly increases as a function of the neutron irradiation time. The increase in D1 associates the enhancement of the carrier concentration, while the increase in D2 affects to degradation of mobility due to charge trapping and scattering during the carrier transport [16] . From the above interpretations, we confirm that the changes of the band edge states associated to the oxygen vacancies strongly affect the modulation of the electrical characteristics. Figure 4a shows the valence band region using XPS measurement, the linear extrapolation was also used to obtain the valence band offset using the energy difference between the valence band maximum and Fermi level (valence band offset, ΔEVB). Figure 4b shows the results of the optical band gap which is obtained from the linear extrapolation based on the point at which the extinction coefficient increases. Using the values of the valence band offset and band gap, the energy band alignment can be schematically illustrated as shown in Figure 3c , as a function of the neutron irradiation time. The relative energy difference between Fermi level and the conduction band minimum (conduction band offset, ΔECB) is clearly observed. The conduction band offset is smaller from 0.34 to 0.13 eV with increasing the neutron irradiation time from 0 to 1000 s, respectively, which generally means a higher carrier concentration and interstitial atoms in channel layer as a function of the neutron irradiation time [10] . This trend strongly relates with the evolution of shallow band edge states below the conduction band edge in shown in Figure 3c . From the above results, we believe that the changes of the electronic structures including the chemical bonding states, band edge states below the conduction band, and energy band structures of IGZO films can be ascribed to the electrical performance of IGZO based TFTs. Figure 5a shows the transfer characteristics of IGZO TFTs as a function of the neutron irradiation time. During the measurement of drain current (ID), drain voltage (VD) was fixed at 10 V and gate voltage (VG) swept from -20 to 30 V. The parameters including field effect mobility in saturation (μsat) and linear region (μlin), threshold voltage (Vth), subthreshold gate swing (S.S), and on-off current ratio (ION/IOFF) describe the performance of TFTs, which as derived from the I-V transfer curves. The μsat and μlin are calculated from saturation region and linear region according to Equations (1) and (2) [22] :
Results and Discussion
where, L is channel length, W is width, and Cox is the gate capacitance per unit area of the gate oxide. The Vth is calculated by fitting a straight line to the plot of the square root of ID versus VG in the saturation region. In addition, the S.S was extracted by Equation (3) [9] S. S ∂V ∂logI
(3)
The ION/IOFF is the quantitative amount representing the switching efficiency of TFT, which describes the ratio of the largest current to the lowest current. The extracted electrical parameters are summarized in Table 1 . The IGZO TFTs with the neutron irradiation time for 0 s (only thermal annealing at 350 °C) have Vth of 2.55 V, S.S of 0.53 V/decade, μsat of 8.84 cm 2 /V·s, and μlin of 5.11 cm 2 /V·s. As increasing the neutron irradiation time to 10 s, Vth slightly shifts to negative voltage (2.04 V) and on-current changes to higher, then the value of μsat (10.60 cm 2 /V·s), μlin (10.39 cm 2 /V·s), ION/IOFF (1.78 × 10 6 ) and S.S (0.36 V/decade) improve than those of IGZO TFTs with the neutron irradiation time for 0 s. The better performance of the neutron irradiation time for 10 s can be explained that the changes of the electronic structures such as the increase of shallow band edge states and reduced conduction band offset caused by the increase of the oxygen deficient states. Increasing the neutron irradiation time to 100 s and 1000 s, Vth continuously shifts to negative voltages, while on-currents fall than that of IGZO TFTs with the neutron irradiation time for 10 s. It is correlated that the oxygen vacancies in shallow band edge states can induce the carrier concentration and threshold voltage negatively shifts, while the oxygen vacancies in deep band edge states lead to degradation of carrier transport due to the increase of charge trapping and scattering. Figure 5b shows the bias stability of IGZO TFTs as a function of the neutron irradiation time under positive bias stress (PBS) of 10 V for 3600 s at the atmosphere. Vth value continuously shifts toward the positive voltage as increasing the stress time in all IGZO TFTs, it is related that absorbed oxygen species from the atmosphere can capture electrons in IGZO channel layer and generate the negatively charged species under PBS by O2 + e − = O2 − [23] . In IGZO TFTs with the neutron irradiation time for 0 s (only thermal annealing at 350 °C), the Vth shifts toward positive voltage region to 10.50 V, it is the largest variation of Vth among the IGZO TFTs as a function of the neutron irradiation time. As the increase of the neutron irradiation time for 10, 100, and 1000 s, the Vth shifts toward positive voltage of 8.66, 9.55, and 9.85 V, respectively. From this result of bias stability, the neutron irradiation method affects to the device stability to reduce the trapping of electrons at the atmosphere under PBS. From these results, the electronic structures such as the chemical bonding states, feature of conduction band, the band edge states below the conduction band, and the band structures contribute to changes of the carrier concentration and mobility of IGZO, and lead to the modification of the device performance of IGZO TFTs. Moreover, these results suggest that the neutron irradiation process can be promising method for manipulating IGZO based TFTs.
Conclusions
In conclusion, the influence of the neutron irradiation process on the electronic structure of IGZO films and electrical characteristics of IGZO TFTs has been performed as a function of the neutron irradiation time. The oxygen species of the metal-oxide bonds slightly decrease, while the oxygen species of the oxygen deficient states and impurity species increase in the increase the neutron irradiation time. The refractive index related to the film density decreases due to the increase of the oxygen vacancies in IGZO films, and the band edge states below the conduction band increase as a function of the neutron irradiation time. In the band edge states below the conduction band, the shallow band edge states slightly increase, whereas the deep band edge states rapidly increase. The conduction band offset continuously decreases with the increase in the neutron irradiation time, these trends are expected to contribution of the modulation of the electrical characteristics. The electrical characteristics of IGZO TFT with the neutron irradiation time for 10 s has better performance, such as the relatively lower threshold voltage of 2.04 V, higher field effect mobility of 10.60 cm 2 /V·s and 10.39 cm 2 /V·s in saturation and linear region, respectively, smaller sub threshold gate swing of 0.36 V/decade, and larger on-off current ratio of 1.78 × 10 6 , than those of others. Further, the device stability also improves under positive bias stress. From this research, it is expected that the neutron irradiation process is useful method for manipulating oxide based TFT at room temperature, and in a very short time of a few seconds.
